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IT - WATER INJECTION AT VARIOUS STATIONS IN COMBUSTOR

By Williem P. Cook and Eugene V. Zettle

- SUMMARY

An investigation was mede to determine the maximum guantity of
water that could be injected either into or ahead of a single can-
type combustor without reducing the attainable combustor-outlet tem-
perature below the value required for engine operation amd without
the appearance of liquld water at the combustor outlet. The inves-
tigations were conducted at simulated conditions of military-rated
engine speed of 7600 rym, zero ram, and obtalnable altitudes of
15,000 to 45,000 feet. Water was injected from spray nozzles at
each of four stations: (1) ahead of the combustor, simulating
injection shead of the compressor in the engine; (2) into the
upstream end of the combustor; (3) into the cambustor halfway along
its length; and (4) into the downstream end of the combustor.

The meximum total liquid-air ratio attainable wilthout reducing
the attainable combustor-outlet temperature below the required value
for engine operation with water injection at each of the four sta-
tions at an altitude of 30,000 feet was: 0,065 at station 1; 0.044 at
station 2; 0,097 at station 3; and '0.129 at statlon 4. With water
injection at stations 3 or 4, however, liquid water passed through
the combustor when the total liguid-air ratio exceeded a value of
ebout 0.07. The results indicsted that water injJection at or near
station 3 made possible the attaimment of the highest total liguid-
alr ratios for the conditions at which the required combustor-
outlet temperatures were attained and no liquld water appeared at
the combustor outlet.

INTRODUCTION
Because a reaction motor bhas a low propulsive efficlency at™ "

low airspeeds, means of augmenting the thrust of some types of
reaction motor for take-off and power spurts during flight are of
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interest. Various methods of augmenting the thrust of turbojet
engines are being investigated at the NACA Cleveland laboratory.
Thrust augmentation can be obtained by an increase in mass flow
through the engine or by an increase in temperature that results in
a higher Jet veloclity of the exhaust gases.

Three types of augmentation being consldered are:

1. Liquid inJection abead of the compressor. Evaporation of
the liguid produces lower temperatures throughout the compression
cycle and increased air denslties for the seme engine rpm.

2. Liquid injectlon with alr bleedoff ahead of the combuastor.
Liguid is injected shead of the compressor and alsc lnjected
directly lnto the combustor. The liquid inJjected into the combustor
will be eveporated in the hot combusiion products, thus requiring
higher fuel-flow rates for the engine in order to maintalin normel
combustor-outlet temperatures. In addition, air is bledoffi Just
ahead of the combustor in proportion to the quantity of liquid
afded in the ccmbustor. The bleedoff alr is directed to an auxil-
lary burner and burned with the stolchiometric quantity of fuel,
resulting in a high-temperature, high-veloclty auxiliary Jet.

3. Tall-pipe burning. Tall-pipe burning consists in providing
an suxiliary burner between the turbine outlet and exhaust nozzle
of a turbojJet engine. The additional combustion in the taill pipe
heats the turbine exhaust gases to a temperature far above the max-
imum possible turbilne-~inlet temperatures. The increased temperature
of the gases at the exhaust-nozzle inlet resulis 1n a substantlielly
increased Jet velocity.

The purpose of the lnvestigatlon reported herein was to deter-
mine the maximum quantlity of water that can be injected into or
ahead of a single can-type combustor designed for a turbojet englne
baving & military rating of 4000 pounds thrust at a rotor speed of
7600 rpm and an ll-stage axlal-flow compressor without resulting in
insufficlent energy output to drive the engine and without liquid.
water passing through the combustor.

Investigations were conducted at a simulated engine speed of
7600 rpm, zero ram, and obtainable simulated altitudes of 15,000 to
45,000 feet. The performance of this combustor without liguid
injection ie reported in reference 1.
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APPARATUS AND INSTRUMERTATION

One can-type combustor of a turbojet engine having s thrust
rating of 4000 pounds and an ll-stage axial-flow campressor was con-
nected to the laboratory air supply. The air temperature was con-
trolled by a suitable preheater. ZFPressure and alr flow in the com-
bustor were manually regulated by valves located upstream and
downstream of the combustor. The exhaust gases were cooled by water
sprays before entering the laboratory altitude-exhaust system. Fuel,
AN-F-32, Amendment-3, (JP-1), was introduced through & dual-control
gpray nozzle furnished by the manufacturer. Temperature of the
incoming air was measured by two thermocouples in plane A-A. (See
fig. 1.) Temperature of burner discharge gas was measured by
35 thermocouples in plane B-B, which 1s in the approximate position
of the turbine. Three thermocouples were installed in plane C-C to
determine whether combustion (afterburning) was present between
planes B-B and C-C.

The apparatus is the same as that desoribed in reference 1,
with the followlng exceptlons:

1. Spray nozzles injected water into the combustor at four 4if-
ferent stations (fig. 1). Station 1 was located 62 inches upstream
of the entrance diffuser on the combustor; stations 2, 3, and 4 were

on planes 22, 13%', and 4%‘ inches, respectively, upstream of the com-

bustor outlet., Water at station 1 was inJected in the downstream
direction from a single, centrally located, 80-gallon-per-hour,
hollow-cone spray nozzle. At each of stations 2, 3, and 4, four noz-
zles were circumferentially installed 90° apart and so interconnected
that either two opposing nozzles or all four nozzles could be used.
Three nozzle sizes, 30-, 40-, or 60-gallons-per-hour, were used in
conjunction with the two- or four-nozzle injectlion system to obtain
the water-flow rates desired. The water flow was measured by call-
brated rotameters.

2. The electric alr preheater used in reference 1l was replaced
by a gasoline preheater.

3. The chromel-alumel thermocouple Junctions at plane B-B were
covered with Inconel weld metal (fig. 2) to increase the opersble
life.
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METHODS .

Investigations were conducted on the combustor to determine the
limiting amount of water injectlon at each of the four stations over
a range of eimulated altitudes from 15,000 to 45,000 feet at a simu-
lated engine speed of 7600 rpm and zZero ram pressure. Combustor
inlet-air condltlions were maintained for each altitude and speed
point selected at values determined from erglne performance investi-
gations made in the Cleveland altitude wind tunnel (reference 2).
The reguired operating condlitions from reference 2 are shown in
figure 3. At each altitude investlgated, water was added at one
of the four injJection statlons untll the combustor-outlet tempera-
ture required for engine operetion without water injection at that
point could not be malntained regardless of fuel flow or until
combustion became unsteble and blow-out occurred., The same pro-
cedure was followed for the other three injection stations. The
water-injection limit was determined by either insufficlient outlet
temperature or no burning in the combustor.

The alr flow, pressure, and temperature at the combustor inlet
weore maintained at the same velues during the water-injection lnves-
tigatlons as specified for burnsr operation without water addition,
whereas the fuel-alr ratio was lncreased to compensate for the cool-
ing effect of the water Injected.

RESULTS AND DISCUSSION

The gasoline inlet-alr preheater used in these investigations
consumed & maximun of 4.5 percent of the oxygen origlnally avallable
in the air supply but had no apparent effect on the combustor opera-
tlon. Combustion effliciency was the same using the electyic inlet-
alr preheater as for the gasoline inlet-alr preheater for the same
inlet conditions of temperature, pressure, and velocity.

The maximum total liquid-air ratlios and corresponding fuel-alr
ratios with water injJection at the various stations and fuel-air
ratlos with no water inJjection for the can-type combustor operating
at simulated conditions of zero ram, 7600 rpm, and various altitudes
are shown in figure 4. The s0l1i1d curves represent the water-
Injection limits; stable combustor operation 1s therefore obtained
at gltitudes and ligqulid-alr ratios or fuel-air ratlos to the left
of the cwrves, whereas operatlon to the right of the curves results
in Insufficlent combustor-outlet temperature or blow-out. The
dashed curve shows the fuel-alr ryatio without water injection
required at each altitude to glve the required combustor-outlet
temperature. Data at.simulated altitudes below 15,000 feet were

.
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unobtalnable due to limitations in the laboratory air-supply and
exhaust facilities. The water-injection data presented are uncor-
rected for changes in humidity. .

A comparison of the curves of figure 4 is presented in figure 5.
The following table presents the maximum total liquid-alr ratios and
the corresponding fuel-air ratios (from figs. 4 and 5) for water
Injection at each of the four statlons at altitudes of 20,000,
30,000, and 40,000 feet. Also shown in the table are values of fuel-
alr ratio for no water injectlon at each of the three altitudes.

Water- Slmulated altitude, ft

injection 20,000 30,000 40,000
station  [Tiquid-[Fuel-|Iiquid- |Fuel-|Iliquid~|Fuel-
air air |air alr |air air
ratio (ratloiratio [ratlio|ratio |ratio

1 0.063 [0.026|0.065 |0.026(0.048 |0.025
2 046 .025| .044 .024; .043 .026
3 .10 .028| .097 .028| .066 .026
4 | emmesca|aeaa- .129 .036| .094 | ,031 .
No watery |=--=w-= 019 —mmceee 080 |=mmcnaa .021

injection

The highest values of maximum total liquid-air ratio and the
altitude at which it was obtained for water injection at each of
the four stations in the altitude range investigated are presented
in the followling table:

Water- Highest value of Altitude for highest
injection | maximm total liquid- | value of total liquid-
station alr ratio in rangs alr ratio, ft
investigated

1 0.066 29,500

2 .046 20,000 - 35,000

3 .110 22,500

4 . .129 30,000

The compearatively low values of maximum total liguid-air ratio
for injectlon at statlons 1 and 2 indicate that the presemce of
water or water vapor at the upstream end of the combustor has an
adverse effect upon combustion with injection directly inbto the
cambustion zone being more detrimental than injection upsitream,
(See £igs. 6 and 7.) The inJection of water further downstream
in the combustor (stations 3 and 4) allows the attainment of higher
liquid-alr ratios without reducing the obtainable combustor-outlet

CHONPEEENTEAY —om
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temperature below the required value. With injection in station 4,
the maximum total liquid-air ratlo linocreased continuvally with
decrease in altitude throughout the range of altitudees investigated
(figs. 4(d) and 5); the investigation was not extended below simu-
lated altitudes of 30,000 feet for ressons that will be subsegquently
discussed. At some of the higher liquid-air ratios with injJection
at stations 3 and 4, the water was not all vaporized before passing
the planme corresponding to the turbine inlet in the englne

(plane B-B), as is i1llustrated in figures 8 and 9.

Plots of the temperature dlstribution at the combustor outled
(plane B-B) are shown in figures 6 to 9 for representative altitudes
with water injection at each of the four stations in quantities
close to the maximum cobtainmable without reducing the combustor-
outlet temperature below the required value. Also shown in fig-
ures 6 o 9 are outlet-temperature profiles obtained with no water
injection. It was difficult to estimate the average combustor-
outlet temperature during the course of the investigatlons; con-
sequently, the average outlet temperatures shown are only approx-
imately equal to the wvalues required for nonaccelerating engine
operation at the simulated flight conditions.

With water injection at stations 1 and 2 (figs. 6 and 7,
respectively), there were no indications of liguid-water impingement
on the thermocouples at the combustor outlet. With inJjection at
station 3, however, the outlet temperature profiles (fig. 8) indi-
cate water impingement on the thermocouples at all but the highest
altitude (40,000 £t) for which the outlet-temperature-profile data
are presented. The presence of liquid water at the combustor out-
let is indicated in figures 8 and 9 hy the shaded areas. Inaide
these shaded areas temperatures were usually less than 500° F,
whereas the temperatures only a small fraction of an inch away were
well above 1000° F. Temperatures inside the shaded reglons are
generally higher than the corresponding saturation temperatures
because the thermocouples were alternately exposed to drops of
water and to hot gases. For the conditions where the low thermo-
couple indications were encountered, ligquld droplets were also
vigible through the dowmstream observatlion window. The high values
of total liquid-alr rates with water injection at station 3 indi-
cated in figure 5 are therefore only obtalnable with liquld water
pasgsing through the combustor.

With water inJjection at statlon 4, the outlet temperature
profiles .in figure 9(d) indicate passage of liguid water at a simu-
lated altitude of 30,000 feet. No investigations were made to deter-
mine the InJection limlts at lower simulated altltudes because the
quantities of liquid passing through the combustor appeared large

~GONFIEENTTR "

864



NACA RM No. EGF28 SIS 7

when observed through the observation window, although the thermo-
couples at the combustor outlet indicated liquid-water passage
through only a small portion of the outlet duct. The combustor-
outlet thermocouple readings therefore do not afford an adequate
iIndication of the presence of llquid water at the combustor outlet.

The maximm total ligquid-air ratlos attalnable without reducing
the average combustor-outlet temperature below the required value
were therefore conslderably in excess of those liquid-air ratios
where liquid water appeared at the combustor outlet when the water
was injJected at stations 3 or 4. With injJectlon at these stations,
liquid water passed through the combustor when the total ligquid-air
ratio exceeded a value of about 0.07. With water Inlectlion at
stations 1 or 2, however, there was no indication of liquld water
at the combustor outlet. )

The results indicete that the inJjection of water at station 3
gave the highest total ligquid-air ratlos for the conditlions atb
which the required combustor-outlet temperatures are attained and
no liquid water appears at the cambustor outlet.

The water-injection rates and the fuel-injection rates are
presented in figures 10 and 1ll, respectively, for operation of the
combustor at various altitudes with water injJection at each of the
four statlions at the maximum rate attalnable without reduction of
the combustor-outlet tempersture below the required value. The
fuel-flow rates necessary with no water inJjection to give the
required combustor-outlet temperatures are shown in figure 1ll.

SUMMARY OF RESULDS

The results obtained in the investigation of a can-type conm-
bustor at conditions simulating zero ram, 7600 rpm, various altltudes,
and with water injJectlon at each of the following four statlions are
sumnarized: station 1, 62 inches upstream of entrance diffuser on
combustor; station 2 (at upstream end of liner) 22 inches upstream
of outlet flange of combustor; station 3 (approximately halfway down

liner) 13%' Inches upstream of outlet flange of combustor; and sta-
tion 4 (near outlet from liner) 4% inches upstream of outlet flange

of combustor.

1. The maximum total liquld-air ratios attalnable wilithout reduc-
tlon of the attainable combustor-outlet temperatures below the values
required for engine operatlon were:

Ny
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Water- Simulated altitude, £t
injection 20,000 30,000 40,000
statlon [Tiguid-[Fuel-|Liquid-|Fuel-|Liguid-|Fuei-
alr alr |alr alr |air alr
ratio |ratioiratio |(ratiojratio [ratlo
1l 0.065 |{0,026j/0.065 {0.026|0.048 (0,025
2 .046 .025| .044 .024]| .043 .026
3 .10 .028| .097 .028| .066 .026
4 W |ememmca|emae- .129 .036| ,094 .031
No water |=e-memc=w| ,019|--wcem- 020 |mmma—aa .021
Injection

2. With water injJection at stations 1 or 2, no indications of
liguid water at the combustor outlet were present.

3. With water injection at stations 3 or 4, liquid water passed
through the combustor when the total liquid.-a.ir retio exceeded a
value of about 0.07 in the altitude range investigated.

4. The results indicated that water injJection at or near sta-
tion 3 made possible the attaimment of the highest total liquid-alr
ratios for the conditions at which the combustor-outlet temperatures
were attained and no liguid water appeared at the combustor outlet.

Lewls Flight Propulslon ILaboratory,
Nationael Advisory Committee for Aeromautics,
Cleveland, Chio.
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Figure {. — Diagram showing test rig and instrumentation positions used

in water—injection investigation of can-type combustor. (Dimensions
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Figure 2. — Details of instrumentation used in water—injection investi-
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Figure 3. — Qperating conditions of can-type combustor for various alti-

tudes at rated engine speed of 7600 rpm and zero ram,
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air ratio with and without water injection in can—-type combustor oper—

ating at simulated conditions of zero ram and 7600 rpm,
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(b) Water injection at station 2,

Effect of altitude on total liquid-air ratio and
on fuel-air ratio with and without water injection in can-type combus-—
tor operating at simulated conditions of zero ram and 7600 rpm.

Figure 4. — Continued.
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Effect of altitude on total

liquid—air ratio

and on fuel-air ratio with and without water injection in can-type
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without water injection in can-type
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combustor operating at simulated conditions of zero ram and 7600 rpm.
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{b}  Aititude, 42,500 feet; eaverage temperature,
1451° F; at water—injection IImit: water
flow, 129 pounds per hour; [|lquld-to-air

ratio, 0.0446.

THNAGA
*m“ ﬁzZM &m '° : ______:__y i)

{c) Altitude 30,000 feet; average temperature, (d) Altitude, 30,000 feet; average temperature,
1483° F; without water Injection. 1427° F; at waterhanectIon [imlt: water
flow, 299 pounds per hour; l|lguid-to-alr

vad b~ N NACTo
ravil, U.uU0/0.

Figure 6. ~ Temperature-distribution pattern for Ilmiting water—injection conditions at station | and
operating condltlions required to obtain same temperature rise wlth fuel alone at simulated engine
speed of 7600 rpm and zero ram.
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; (e) Altitude, 20,000 feet; average temperature, {f) Altitude, 20,000 feet; average temperature,
1495° F; without water injection. 1512° F; at water—inJectlon limit: water

Tiow, 420 pounds per hour; iiquid—to~air
ratio, 0.0625.
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Figure 6. — Congluded, Temperature~distributlon pattern for limiting water—injection conditions at
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station | and operating condltlons required to obtaln same temperature rise wlth fuel alone at sim-—
ulated engine speed of 7600 rpm and zerc ram,
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(al Altitude, 45,000 feet; average temperature, {(b) Altitude, 45,000 feet; average temperature,
1429° F; without water injection, 14212 F; at water-inJectmn limit: water
- f!un, i3 puuuda per huuu, Ilquld—tw—a|[

ratle, 0.0379.
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(c} Altitude, 30,000 feet; average temperature, {d} Altltude, 30,000 feet; average temperature,
1568° F; without water Injectlon, 1473° F; at water—inJectlon limit: water

flow, 221 pounds per hour; |lquid-to-air
ratlo, 0.0432.

Figure 7. — Temperature-distribution pattern for |limiting water-injection conditions at station 2 and
operating condltions required to obtain same temperature rise with fuel aleone at simulated engine
speed of 7600 rpm and zero ram,
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1494° F; wlthout water Injection. 1489° F; at water—injection lImit: water
flow, 335 pounds per hour, Iiquid-to—alr
ratlo, 0.045.

WA

Flgure 7. — Concluded. Temperature—distribution pattern for limiting water—injection conditions at
station 2 and operating conditlons required to obtaln same temperature rise with fuel alone at sim-

ulated engine speed of 7600 rpm and zero ram.
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{al Altitude, 40,000 feet;

A 864

average temperature, {b) Altitude, 40,000 feet; average temperature,

1528° F; without water injection, 1383° F; at water—injection |imit: water

W

{c) Altitude, 35,000 feet;

flow, 317 pounds per hour; liquid-to-air
ratieo, 0.07.

; 3 \\\’V(

average temperature, {d) Altitude, 35,000 feet; average temperature,

1479° F; without water injection. 1430° F; at water-injection limit: water

fiow, 548 pounds per hour; iiquid-to—air
ratio, 0.0B84.

Figure 8. —~ Temperature-distribution pattern at station 3 for |imiting water-injection conditions

and operating conditions

engine speed of 7600 rpm.

required to obtain same temperature rise with fuel alone at simulated
{Pattern for (1) and {j) were unobtainable without water injection,]
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1416° F; at water—injection limit: water
flow, 898 pounds per hour; liquid-to-air
ratio, 0.099.
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tgl Altitude, 22,500 feet; average temperature, (h} Altitude, 22,500 feet; average temperature,
1432° F; without water injection. 1325° F; at water—-injection limit: water
fiow, 1205 pounds per hour; iiquid-to-air
ratio, 0,1086.

Figure 8. — Continued. Temperature—distribution paitern at station 3 for iimiting water—injection
conditions and operating conditions required to obtain same temperature rise with fuel alone at
'simulated engine speed of 7600 rpm. (Patterns for (1) and (j} were unobtainable without water
injection.)
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Altitude, 15,000 feet; average temperature, (j) Altitude, 15,000 feet; average temperature,
i535° F; at water-injection iimit: waier i432° F; at water—injection iimit: water
flow, 1005 pounds per hour; liquid—to-air flow, 1088 pounds per hour; liquid-to—air

ratio, 0.0742, ratio, 0.0783.

Figure 8. - Conciuded. Temperature-dlstribution pattern at station 3 for limiting water—injection
conditions and operating conditions required to obtain seme temperature rise with fuel alone at

simulated engine speed of 7600 rpm, (Patterns for {i) and (j) were uncbtainable without water
injection.! :
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(a) Altitudse, 35,000 feet; average temperature, (b) Altitude, 35,6000 feet; average temperature,
14799 F; without water injection. 1479° F; at water—Injection limit: water
fiow, BZ7 pounds per hour; |iquid-to—air e

ratio, 0. 1195,

- A

Figure 9. — Temperature—distribution pattern for limiting water—-anection conditions at station 4 and
1 simulat

el oo
au Ellsl no

operating conditlons required to obtain same temperature rise with fuei aione a
speed of 7600 rpm and zero ram.
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(e} -Altitude, 30,000 feet; average temparature, (d) Altitude, 30,000 feet; average temperature,
1525° F; without water injection. 15329 F; at watar—injection limit: water
flow, 1200 pounds per hour; liquid-to-air
ratio, 0. 344,

e

R ——

Figure 9. — Concluded. Temperature—distribution pattern for limiting water—-injection conditions at
statlon 4 and operating conditions required to obtain same temperature rise with fuel algne at sim-
ulated engine speed of 7600 rpn and zero ram.
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Watér-injection
station
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Figure 10. — Effect of altitude on water—-injection rates at various
stations for can—type combustor operating at simulated conditions of
zero ram and 7600 rpm.
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Figure 11, — Effect of altitude on fuel—-injection rates with no water
injection and with maximum water injection at various stations for
can—type combustor operating at simulated conditions of zero ram and
7600 rpm. '



